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ABSTRACT, CONCLUSIONS AND RECOMMENDATIONS 
The objective of th i s  research e f fo r t  i s  t o  construct an apparatus 
which permits us t o  study the performance of separators and membranes from 
a minimum number of basic characterization measurements. To achieve th i s  
aim, instrumentation has been developed with which transport of s a l t  , 
ions and water across membranes can be determined accurately and unam- 
biguously with differences in concentration, e lectr ical  potential and 
pressure as driving forces, together with the measurement of membrane 
potential and streaming potential .  Construction, assembly and test ing 
of the "concentration-clamp" apparatus was finished during the f i r s t  two 
contract years. Nevertheless, continuous improvements are being introduced, 
both in the experimental apparatus and in the measuring technique. 
During the third contract year, a ser ies  of transport experiments 
on the AMF C-103 (American Machine and Foundry Co. , Springdale, Connecti cu t )  
cation-exchange membrane bounded with NaC1 solutions , was achieved. The 
driving forces were differences i n  concentration, e l ec t r i c  potenti a1 and 
pressure, e i ther  alone or in combination. The evaluation of the r e su l t s ,  
in terms of the water flux, Jw, and the s a l t  f lux, JS ,  rather than the 
nonconservative volume flux, J,, , leads to  the calculation of the per- 
meability character is t ics  of the membrane. Water and s a l t  permeabilities 
were calculated and compared wi t h  the resul ts  of previous researches 
by others (in which - some, b u t  not - a l l  transport phenomena were measured). 
I t  was found tha t  where fragmentary l i t e ra tu re  data - do ex i s t ,  there i s  
f a i r  agreement with those measured by us with the "concentration-clamp" 
method. 
Some o f  t h e  t r a n s p o r t  c o e f f i c i e n t s  were found t o  be concen t ra t i on -  
dependent; t h e r e f o r e  t r a n s p o r t  exper iments w i t h  no concen t ra t i on  g rad ien t s  
were performed, f rom which t he  concen t ra t i on  dependence cou ld  be der i ved .  
A c e l l  w i t h  moving e l ec t rodes ,  f o r  measuring t he  e l e c t r i c a l  conduc- 
ti v i  t y  o f  t h e  membrane w i t h  g rea t  p r e c i s i o n  was developed. It bears some 
s i m i l a r i t y  t o  t he  des ign of Buvet and G u i l l o u  i n  ~ a r i s [ ' ' ,  b u t  uses 
a l t e r n a t i n g  c u r r e n t  and two e lec t rodes  r a t h e r  than  fourCz1. P re l im ina ry  
resul ts  showed t h a t  l i n e a r i t y  o f  t h e  r e s i s t a n c e  o f  t h e  c e l l  vs. t he  
e i ec t rodes  d isp lacement  was indeed achieved. These measurements w i l l  be 
o f  great  h e l p  towards t h e  t r a n s f o r m a t i o n  o f  t h e  da ta  i n t o  more fundamental 
parameters, e.g. f r i c t i o n  f a c t o r s ,  which should make p r e d i c t i o n s  over  
wide ranges o f  f l u x e s  and f o r c e s  poss ib l e .  
Some o f  t he  research e f f o r t  d u r i n g  t h i s  yea r  was d i r e c t e d  towards t he  
s tudy  o f  t r a n s p o r t  p r o p e r t i e s  o f  a  119GX membrane bounded by  f a i r l y  
concentrated KOH s o l u t i o n s ,  (about 5 and 1  molar  r e s p e c t i v e l y ) .  Th i s  
membrane, supp l i ed  by t he  J e t  P ropu l s i on  Labora to ry ,  has a  po lye thy lene  
base which i s  g r a f t e d  w i t h  a c r y l i c  a c i d  and c r o s s - l i n k e d  w i t h  d i v i n y l -  
benzene. It was found t h a t  t h e  membrane reduces t h e  d i f f u s i o n  r a t e  o f  
KOH by a f a c t o r  o f  o n l y  about four,  as compared t o  d i f f u s i o n  i n  f r e e  
s o l u t i o n .  The d i f f u s i o n  c o e f f i c i e n t  o f  the  Zn species through t h e  membrane 
i s  t en  t imes l e s s  than t h e  KOH d i f f u s i o n  c o e f f i c i e n t .  Therefore t h e  
membrane ac t s  as a  p a r t i a l  b a r r i e r  f o r  t he  s o l u b l e  z i n c  spec ies.  The 
transport number of potassium ions in the membrane equilibrated with 5 M 
KDH was 0.38, as compared to  0.27 in d i lu te  solution. Hence the membrane 
+ 
exhibits s l igh t  se lec t iv i ty  with respect t o  K . 
The following recommendations are made fo r  the next stage of th i s  
research : 
( a )  Develop the technique of measurements under a pressure gradient, 
%3 y i e l d  hydraulic permeabilities and streaming potentials. Our past 
s trearning potential measurements yielded unl i  kely resul ts  , yet consistent 
resul ts  are necessary t o  establish the range of l inear  transport laws 
b; comparison of streaming potential and electroosmoti c water transport 
( i  , e .  confirmation of one Onsager reciprocity re la t ion) .  A t  the s t a r t ,  
t h i s  technique should be developed for  equal concentrations in both half- 
c e l l s ,  do eliminate disturbance by simultaneous diffusion transport. 
( b )  After re l iable  pressure permeation resul ts  are achieved, calculate 
a13 r;ix transport coefficients and/or friction coefficients which characterize 
the transport processes in the membrane-solution system. 
Lis t  of Svmbols 
Effective surface area of membrane, cm 2 
Concentration of sal  t and water respectively,  mole cmm3 
Total electromotive force between AgIAgC1 revers ible  
electrodes , vol t 
4 Faraday's constant ,  9.6491 . 10 amp sec eq-' 
Current densi ty ,  amp cm-2 
Elect r ic  current ,  amp 
Flux of s a l t  and water, mole cm-2 sec-' (posit ive from l e f t  
t o  r i gh t )  
Volume f lux ,  cm sec-'  
Hydraul i c permeabi 1 i ty  , cm sec" atm-' [eq. (24)] 
Molecular weight of s a l t  and water respectively,  g mole-' 
Moles of s a l t  and water, respectively 
Hydrostatic pressure, atm 
Permeability coeff ic ient  of s a l t  and water respectively,  cm sec 
Gas constant ,  8.314 watt sec deg-' mole-' 
time, sec 
Transport number of cat ion,  anion and water respectively,  i n  t h ,  
membrane 
Temperature, O C  
Volume, cm 3 
3 Par t ia l  molar volume of species j ,  cm mole-' 
3 Rate of solution loss  of a half-cell  , cm sec" 
n Denotes difference, r ight mi nus 1 e f t  
6 Denotes difference, f inal  s t a t e  minus i n i t i a l  s t a t e  
Osmotic pressure, atm 
Solution density, g cm-' 
CJ Reflection coefficient 
LL Solute permeability coeff ic ient ,  mole cmm2 sec" atm-' 
pscri pts 
I Single prime denotes "property of the salt-receptor half-cell" 
$ 1  Double prime denotes "property of the sal t-donor half-cell " 
c Denotes "measured under a positive concentration difference", 
c; > c; 
Denotes "measured under a positive concentration difference 
and a negative hydrostatic pressure difference" 
Denotes "measured under a positive concentration difference, 
a negative pressure difference and a negative current" 
Denotes "due to  negative current alone" 
Denotes "due to  negative hydrostatic pressure difference 
alone" Ap < 0 
Denotes "measured under a negative concentration difference 
and a negative current" 
Subscripts 
Bu 
Col 
e 1 
f 
L 
m 
0 
s 
sol 
W 
Buret 
Demi neral i z i  ng col umn 
Electrode 
Final S ta te  
Leak 
Membrane 
I n i t i a l  s t a t e  
Sal t 
Sol ution 
Water 
Left:  Sal t-Receptor Hal f-Cell 
("Column s ide" )  
Right: Sal t-Donor Half-CeF; 
("Buret s ide"  "j 
membrane 
J S ,  Jw  = Flux of s a l t  and water respect ively ,  posi t ive  from l e f t  t o  r i g h t .  
n = Inflow of water, through the  membrane, in  mole; in many experiments, 
w ,m 
the anode (posi t ive  e lec t rode)  i s  in the r i gh t  compartment. When 
a cation-exchange membrane i s  used, there i s  an electroosmotic 
outflow of water from the  r i gh t  compartment, i . e .  Jw and nw are  
negative, while n; i s  posi t ive .  
FIGURE 1 .  Some Notations and Definitions 
PART A.  CONCENTRATION-CLAMP METHOD 
A. I .  Introduction 
This i s  the twelfth quarterly report of a research program designed 
t o  ( a )  construct one apparatus in which transport of s a l t ,  ions and water 
across membranes can be determined with differences in concentration, 
e l ec t r i c  potential and pressure as driving forces,  together with the 
measurement of membrane and streaming potential ,  and (b) perform a 
variety of transport measurements in i t  t o  determine the range in which 
1 inear relationships between fluxes and forces exis t .  This permits 
us t o  study the performance of separators and membranes from a minimum 
number of basic characterization measurements. The experimental system 
has been described in the f i r s t  annual report (November, 1968) and i n  t h e  
extended ei g h t h  quarterly report (January, 1970) which serves as t h e  second 
annual report. Since the project has been in progress for  three yea r s ,  
t n i s  report also serves as an annual summary of the progress during t h e  t h i r d  
year, January, 1970 - January, 1971, over and above describing the 
progress in the twelfth quarter. 
For the sake of completeness, the measuring systems (voltage, pressure 
and e l ec t r i c  current) are described in the experimental section, together 
with continuing improvements of the "concentration-clamp" cell  and of  the  
measuring technique. 
The transport coefficients of the AMF C-103 (American Machine and 
Foundry Co. , Spri ngdal e , ~onnect i  cut)  cati  on-exchange membrane bounded 
with NaCl solutions were calculated from a ser ies  of transport measurements 
with differences in concentration, e l ec t r i c  potenti a1 and pressure a s  d r i v i n g  
forces,  ei ther a1 one or i n combination. The eval uati on of the resul t.!; 
was based on a s e t  of t ranspor t  equations in  terms of the water f l ux ,  Jw,  
and t h e  sal  t f lux ,  JS  , ra the r  than the  nonconservative volume f l ux ,  J,, , 
frequently used in  the 1 i t e ra tu re .  
A s e r i e s  of e l  ectromi g ra t i  on - e l  ectroosmosis experiments with no 
concentration gradient  across the membrane i s  a l so  reported. The current  
density range was 0.5 - 2.0 ma/cm2, while the concentration range of the 
solut ions  on both s ides  of the membrane was 0.05 - 0.1 N NaC1. 
In order t o  ex t r ac t  the maximum information from t ranspor t  experiments, 
and t ~ o  transform the data i n to  more fundamental parameters, e.g. f r ic t ion  
jhe tors ,  i t  i s  necessary t o  measure the membrane eZectricaZ conductivity 
w i t h  grea t  precision.  Therefore, a measuring ce l l  w i t h  moving e lec t rodes ,  
w h i c h  incorporates some fea tu res  of the version developed by Guillou and 
Buvet in ~ a r i s [ ' ] ,  i s  described in t h i s  report .  Nevertheless, the prin- 
c iples  are  not exactly the same. The ce l l  developed by Guillou and Buvet 
i s  based on a d.c. 4-electrode method, while we use a .c .  current  with two 
r. 2 I electrodes only . 
A ,  11. Calculation of Water and S a l t  Transport 
In our eighth quar ter ly  repor t  (January, 1970) we described our 
t ranspor t  measurement r e su l t s  in  terms of the conventional s a l t  and volume 
f luxes ,  Because the par t i a l  molar volumes of s a l t  and water depend upon 
the s a l t  concentration, however, volume i s  not a s t r i c t l y  conserved 
q u a n t i t y .  Therefore, we have changed our evaluation method: we shal l  
describe present and fu tu re  t ranspor t  experiments in terms of the  molar 
w a t e r  f l u x ,  Jw, r a t h e r  than  volume f l u x  JV.  The s a l t  f l u x  i s  r e ta i ned .  
A, I I ,  1 . Mass-Balance f o r  t h e  Sal t-Donor Hal f - C e l l  (Buret  S ide) .  
The wate r  ga in  ( i n  mole) f o r  t h e  bu re t - s i de ,  6n;, equals t h e  
inflow of water  through t h e  membrane, nWym, (see F igure  1, page 1  ) , t h e  
* 
"loss" term , t~;,~, and t h e  b u r e t  c o n t r i b u t i o n  o f  wa te r  when s a l t  i s  
added to t h i s  ha1 f - c e l l  , nw ,Bu: 
where: 
6VBu = t h e  read ing  o f  t he  b u r e t  volume change, i n  cm3; t h i s  
i s  a p o s i t i v e  va lue.  
* 
The t e r m  " l o s s "  i s  used f o r  t h e  observed r e d u c t i o n  o f  t o t a l  s o l u t i o n  
volume; t h i s  i s  n o t  n e c e s s a r i l y  due t o  r e a l  leaks .  Water abso rp t i on  by 
the  p l a s t i c  has a  s i m i l a r  e f f e c t ,  assuming no s a l t  i s  l o s t .  
*?he r e l a t i o n  between t h e  concen t ra t i on  o f  wa te r  and s a l t  i n  any volume o f  
solution i s  through t he  s o l u t i o n  dens i t y ,  p, which equals :  
- 
P - CSMS 
Hence : 
Mw 
On t h e  other hand, 
6n; = C i  - 6Viol + V "  
sol ,o acl; 
The second term on the r i gh t  s ide  of eq. ( 3 )  i s  due t o  changes i n  concen- 
t r a t i on  of water during the time, t ,  between the recording of two sequential 
s e t s  of experimental data.  I t  i s  a small correction fac to r  due t o  the f a c t  
that .  the experimental set-up keeps the concentrations constant within 0.02% 
or less ,  b u t  s ince  Viol,o = 200 ml, t h i s  term should be taken i n to  account. 
The - s a l t  gain of the solut ion,  6 n i ,  equals the s a l t  added by the 
buret ,  n S s B u ,  plus the s a l t  which enters  the solut ion,  n;,,, as  a r e s u l t  of 
f low through the membrane and the electrochemical reaction a t  the anode: 
anodic 
Ag ( so l id )  + ~ 1 -  (solut ion)  ' AgCl (sol i d )  + e- 
>athodic 
( 4  
+ For each Faraday passed, f +  mole of Na leave and (1 - Z+) mole 
of ~ 1 -  en te r  through the membrane ( +  are the t ranspor t  numbers of the  
ions i n  the membrane); 1 mole of ~ 1 -  leaves the solut ion t o  become par t  of 
the  electrode.  Hence, the r e s u l t  of the e l e c t r i c a l  t ranspor t  i s  the  loss  
by the  solution of t+ mole NaC1. In o ther  words, the molar loss  of s a l t ,  
d S  * A ,  of the  solution i n  the buret compartment equals the molar outflow of 
sodi  urn ions ,  J+  A. Therefore: 
6ng = +n,,, + ns ,Bu 
C 
s ,Bu i s  determined ana ly t i ca l ly  with about 0.1% accuracy. 
 he autoburet was cal ibra ted w i t h  water. 6VBu9 as  read from the  d ig i t a l  
d i a l  , was found t o  be accurate t o  + 0.1 % i n  our experiments. 1 
The volume change in the compartment, 6 ,  measured i n  the 
capi l lary  or  calculated from the  recorded weight change of the  weighing 
bo t t l e ,  6wieas , equals the gain of water and s a l t  in  the  solut ion,  &Viol . 
and the electrode volume change, 6Ve1 ; therefore: 
t-I 
",as = 6nI; . + 6n" 8 ;  - - (p s AgCl -'Ag) 
We have f ive  unknowns, namely: 6n;, 6ni ,  6Viol, Jw and J s ,  and f i v e  
equations: ( 2 ) ,  ( 3 ) ,  ( 6 ) ,  (7) and (10). By equating the expressions f o r  
6n" i n equations ( 2 )  and (3) and expressing 6Vgol in terms of eq. (10) we G;i 
can solve f o r  the water f l ux ,  J w ,  as follows: 
- - 1 
u c - e ; .  t . c ; -  [ 6 V k a ~  t p I ~ g ~ l  - VAg)I 
-  6 v ~ u  w,Bu  - - (V Jw A . t  
The s a l t  f lux ,  J S ,  i s  found in  s imilar  manner: by equating the  expressions f o r  
equs. ( b )  and (7)  and subs t i tu t ing  f o r  6V;ol from eq. ( l o ) ,  we get  the 
f o l l  owing equation: 
- 1 
- C; [6V" t . 1  - -  A . t  .. s = {'vBu O C s , ~ u  meas ( ' A ~ C I  sol ,o 1 - VAg)] - sc; * V" 
80th the s a l t  and water f luxes can be calculated from measurements on the 
buret-side or the col umn-side. Usually, they a re  calculated f o r  both s e t s  of 
data as an in ternal  check on the resu l t s .  
A. I I .  2 .  Mass-Balance fo r  the Sal t-Receiving Half-Cell (column s ide )  
In analogy w i t h  the  reasoning of Section A . I I . l ,  we derive now 
equations f o r  the  water gain,  s a l t  gain and f o r  the volume change of the  
sa l  t - receivi  ng compartment. 
The water gain ( i n  mole) f o r  the column-side, 6n;, equals the 
inf low of water through the  membrane, nW3,,, m i n u s  the "loss" term, n i , L ,  
p l  us the equivalent of water released by the i on-exchange column, nw ,col , 
d u r i n g  the following react ion:  
where R1 and HE respectively represent  the negative and posi t ive  ac t ive  groi 
f ixed in the mixed-bed ion-exchange column. The NaCl uptake by the column, 
" S , ~ ~ l  , i s  equal t o  the equivalents of water released by the column, nw9c01.  
?" s,col i s  determined by e lu t ing  the column with 0.5N NaN03 and determining 
the chloride content i n  the e luate .  The repea tab i l i ty  of t h i s  process i s  
i 0,2%. ) 
Therefore: 
Fol 1 owing the reasoning of Section A. 11.1 , this  equation can be rewrit ten 
as follows: 
6n; = -Jw - t A - dL * t C; + nw9col  = C; * 6V;01 + 6 ~ ;  * V;, 
(15) 
The s a l t  gain ( i n  mole) of the  solut ion equals the s a l t  uptake 
by the column, n 
s  ,c01 plus the s a l t  which en te r s  the solut ion as a r e s u l t  
f low through the membrane and the  electrochemical reaction a t  the  cathode, 
eq ,  (4). In f a c t ,  the  molar gain of s a l t  of the solution in the column 
compartment equals the molar inflow of sodium ions,  a s  explained i n  Section 
4 ,  I I .  3 . Therefore : 
Sn; = n ' -  
s,m ns,col  (16) 
The vol ume change, 6Vheas , measured in the cap i l l a ry  equals 
the volume change of the solut ion,  6Viol  , plus the volume change 
oF the cathode, due t o  the reversed electrochemical react ion,  eq. 
(4): 
The water f l ux ,  J w 3  and s a l t  f l ux ,  J s ,  a re  calculated from 
equations (1 5 )  and (17) respect ively ,  by subs t i tu t ing  6Vio, from equation (19) 
The solution concentrations a r e  cal cul ated from the  res is tance  
readings (with su i t ab le  temperature cor rec t ion) ,  f o l l  owing the method 
reported in  the eighth quar ter ly  repor t  (January, 1970). 
A ,  III. Experimental 
The "concentration-cl amp" ce l l  was f u l l y  described in  the  eighth 
quarterly report  (January, 1970). Nevertheless, continuous e f f o r t s  are 
made in order t o  improve the design of the  apparatus, as well as the 
measuring technique. A new membrane holder and gaskets, designed t o  re-  
duce t races  of cross-compartment leakage, were introduced during the current  
reporting period; the leak r a t e  measured indeed reached a low and s tab le  
va lue  within the f i r s t  hours a f t e r  the  ce l l  was mounted i n  place. Two new 
mi cro-metering valves made of 316 s t a in l e s s  s t e e l  (No. 22RS4-316, Whitey 
Research Tool Co., Emeryvi 1 l e .  Calif .  ) replaced the RS-4 shut-off valves 
used previously in the demineralization loop, f o r  increased flow control 
s e m i  t i  vi ty .  The thermistors moni t o r i  ng the temperature in the ce l l  showed 
signs of i n s t a b i l i t y ,  because of water absorption by the epoxy s h e l l ,  
causing some shunt conductance; thus Veco monitoring thermistors (No. T47A12, 
Yictory Engineering Corp., Springfield,  N .  J . )  were sealed in  glass 
""Bsteur" type pipet tes  , using Stycast  2651 (Emerson and Cumings, Gardena, 
Gal i f ,  ) epoxy, instead of the epoxy "Aral di t e "  (Ci ba Products Co. , Summit, 
U, J . Q used with previous thermi s t o r s .  "Araldi t e "  did not properly cure 
near the glass embedding of the thermistor; hence the s tabi  1 i  t y  was not 
perfect.  "Stycast" epoxy which i s  used t o  a f f i x  the Veco thermistors t o  
t he i r  housings, does not suf fe r  from t h i s  drawback. The thermistors 
were cal ibra ted and mounted i n  the  c e l l .  
The measuring technique was r e f i  ned by i ntroduci ng in termit tent  
weighing of the solution increment in the sal  t-donating half-cell  f o r  
higher accuracy of the water t ranspor t  measurements; previously only the 
i n i t i a l  and f ina l  weights had been recorded. 
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For the sake of completeness, we repor t  in the following three  
important schemes t o  provide and measure the current ,  the voltage and 
the pressure, as applied t o  the  c e l l .  
A 1 Constant-Current System 
The following scheme was used t o  provide a predetermined con- 
s t a n t  d.c,  e l e c t r i c  current  which was then passed through the membrane 
i n  electromigration experiments. See Figure 2 f o r  a diagram of the  system. 
The power supply (Model KG 25-0.2, Kepco, Inc.,  Flushing, 
New York) f o r  the constant d.c. current  could supply a maximum of 25 vo l t s  
and 200 ma. I t  had a continuously adjus table ,  10-turn voltage control ; 
the resolution was 0.05% of maximum output. The res is tance  between the 
o u t p u t  and the ground was 10 kilomegohm; t h i s  large res is tance  was necessary 
t o  prevent s i gn i f i c an t  current  1 oops between the comparators and the  
power supply via ground and the ce l l  solut ion.  
The value of the current  was accurately determined by measuring 
the voltage drop across a ten-ohm r e s i s t o r  which had a 20 ppm (oc)-' tem- 
perature coeff ic ient .  The potentiometer (Section A .  I11 - 2 )  measured the 
voltage drop t o  be t t e r  than 0.01%. The accuracy of the current  measure- 
ment was therefore determined by the accuracy of the value of the  f ixed 
res is tance .  The res is tance  was determined t o  +0.04% by comparison with 
a 10 ohm ca l ib ra t ion  res is tance  (type 1433, decade r e s i s t o r ,  General Radio 
Co, , West Concord, Mass. ). A m i  1 liammeter (Simpson Elec t r i c  Co. , Chicago, 
111 , )  and a s i l v e r  coulometer were connected i n  s e r i e s  w i t h  the working 
electrodes.  In the experiments described i n  Section A.  111, there  was 
agreement of 0.1% o r  be t t e r  f o r  the  value of the  e l e c t r i c  charge as 
Figure 2: Constant-Current System. A ,  constant-current power supply; 
B, l inepower; C ,  storage battery'; D ,  standard cell  ; E, potentiometer; 
F, null detector; G ,  membrane; H, membrane support; i, coulometer; 
j , mi 1 1  iammeter; K ,  Ag/AgCl working electrodes; L, toggle switch. 
measured by the coulometer and calculated from the current  x time product, 
the current  being determined from the voltage drop across the 10 ohm r e s i s t o r .  
A ,  111.2. Voltage Measurement System 
The streaming po ten t ia l ,  the membrane potential  and the voltage 
across the ten-ohm r e s i s t o r  (Section A. 111.1 ) were measured as shown 
schematically in Figure 3. 
A s torage bat tery  was used as the power supply f o r  a potentio- 
meter (Type K-5, Leeds and Northrup, Philadelphia,  Pa.).  The nu1 1 detector  
for t h e  potentiometer was a microvol tmeter (Model 150B, Kei th ley Instru- 
ments,  Inc . ,  Cleveland, Ohio ) which had a c i r c u i t  ground-to-chassis 
9 impedance of 10 ohms. On ba t t e ry  operation i t  was completely isola ted 
from l i n e  power and ground. The accuracy of the meter was 23% of f u l l  sca le  
on a l l  ranges. The 100 mv output of the  microvoltmeter was connected t o  a 
c h a r t  recorder (Cat. 93506, Beckman Ins truments , Inc. , Full erton , Ca . ) . 
Due t o  the current  loop between the recorder and the comparators through 
g r o u n d ,  the feedback system could not operate when the recorder was con- 
nected t o  the null-detector output. As a consequence, the periods of 
potential  recording were kept t o  l e s s  than the time in terval  necessary t o  
cause 0.5% change i n  concentration ( 3  hours) on the low-concentration s ide .  
A 3 Pressure System 
The pressurizing system was designed t o  maintain constant pressures 
u p  Go 5 atmospheres f o r  several days. This was accomplished i n  the follow- 
i n g  manner (Figure 4 )  : 
A f i ve  l i t e r  tank was connected t o  a brass be1 lows valve (H-series, 
B-4H, Nupro Co. , Cleveland, Ohio) which served as the i n l e t  t o  the pressure 
R F F ILTER 
I 
NULL DETECTOR 
F i  gure 3: Vol tage-Measur i  System. 
Figure 4: P ressu r i z i ng  System. A, high-pressure n i t r o g e n  tank; 
B, pressure gauge; C, s h u t - o f f  va lve;  D, f i v e  l i t e r  tank; E, Heise 
pressure gauge; F, f i v e  m1. p i p e t ;  G, membrane; H, membrane support ;  
i , reducing valve. 
system. The tank  was connected t o  t h e  c e l l  v i a  a  brass 1/4" tube ( s i l v e r -  
so ldered  t o  a  h o l e  d r i l l e d  i n  t h e  t ank ) ,  and a  s h o r t  p iece  o f  hard  p l a s t i c  
t u b i n g  connected t o  t he  brass t u b i n g  by a  "Swagelok" union. The ha rd  
p l a s t i c  t u b i n g  was connected t o  a  5 ml p i p e t  which was connected t o  t he  
ce l l  by a  "Swagelok" O- r ing  connector.  A lso  connected t o  t h e  tank  was a  
Bourdon tube pressure gauge (Model "CMM", Heise Bourdon Tube Co., Newtown, 
Conn, ) which had an automat ic  thermal compensator, s l o t t e d  l i n k  ( f o r  sudden 
release p r o t e c t i o n ) ,  f u l l  s ca le  d e f l e c t i o n  o f  5 atm and d i v i s i o n s  o f  
C-005 atm. H y d r o s t a t i c  pressure was a p p l i e d  o n l y  t o  t h e  s a l t - r e c e p t o r  
ha1 f - c e l  l because t h e  au to -bure t  cou ld  n o t  w i t hs tand  pressure. Accurate 
measurement o f  volume and s a l t  t r a n s p o r t  was o n l y  p o s s i b l e  on t h e  low- 
pressure s i d e  (auto-buret  s i de ) .  The dem ine ra l i z i ng  s i d e  expanded w i t h  
pressure; however, t he  ion-exchange column d i d  serve as an o rde r -o f -  
magnitude-check on t h e  s a l t  t r a n s p o r t .  
The system was p ressu r i zed  w i t h  i n d u s t r i a l - g r a d e  n i t r ogen .  F l u c t u -  
a t i o n s  i n  pressures due t o  temperature v a r i a t i o n s  o f  t h e  n i t r o g e n  ( k 0 . 0 5 ~ ~ )  
were about 0.002 atm, which was l e s s  than t h e  sma l l es t  increment  o f  
pressure t h a t  cou ld  be read  on t h e  Heise pressure gauge. 
A, 4 I 1  -4, The Membrane C o n d u c t i v i t y  C e l l  
I n  v iew o f  t h e  f a c t  t h a t  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  t h e  membrane 
has t o  be measured w i t h  g r e a t  p r e c i s i o n  and bea r i ng  i n  mind t h a t  s i m i l a r  
hydrodynamic c o n d i t i o n s  i n  t he  s o l u t i o n s  a re  r e q u i r e d  i n  a1 1  exper iments , 
the  c e l l  shown i n  F igu re  5 was designed, us i ng  p a r t s  o f  t h e  "concen t ra t ion-  
clamp" t r a n s p o r t  c e l l .  It inco rpo ra tes  elements o f  c e l l s  p r e v i o u s l y  used 
for t h e  measurement of t h e  r e s i s t a n c e  o f  separa to rs  , ' I .~he a.c. e l e c t r i c a l  
r e s i s t a n c e  o f  t he  c e l l  i s  measured as a  f u n c t i o n  o f  t h e  d i s tance  between 
the  e lec t rodes ,  w i t h  and w i t h o u t  t h e  membrane. The c e l l  c o n s i s t s  o f  two 
in te rchangeab le  h o l l o w  c y l i n d e r s  and two end p a r t s ,  clamped toge the r  by 

s tee l  rods. "Buna N" rubber gaskets a re  used as sea l s  between the various 
par t s ,  All par ts  were machined of "Lexan" (General E l ec t r i c  Co., P l a s t i c  
D%v, , P i  t t s f i e l d ,  Mass. ) , a transparent  polycarbonate p l a s t i c .  The cyl i n -  
ders have outer  and inner diameters of 4.5 and 2.0 inches respectively.  The 
end par ts  a re  1.25 inches th ick.  Two pla t in ized platinum electrodes of 1.90 
inch diameter can be moved forwards and backwards i n  the  c e l l  by means of a 
screw-driven mechanism, such t h a t  the electrodes remai n para1 1 e l  t o  the pl ane 
o f  the membrane; displacements t o  one-thousandth of an inch can be monitored 
w i t h  two precise d ia l - indicators  (No. 25-441, L.S. S t a r r e t  Co. , Athol , Mass. ) 
w q i c h  a r e  mounted on both s ides  of the c e l l .  The moving par t  of the gauge 
touches a metal s t r i p  f ixed t o  the  moving e lect rode.  One electrode usually 
remains s t a t ionary  close t o  the  membrane, b u t  not in  d i r ec t  contact  with i t .  
The other i s  moved along the cylinder ax i s .  The membrane i s  held in  the mem- 
brane holder by O-ring sea l s .  This membrane holder, the  membrane support 
and the membrane i t s e l f  a re  the  same as used with the t ranspor t  c e l l .  The 
res is tance  between the electrodes i s  compared t o  a reference res is tance  by 
means of a 1605-AH grounded impedance comparator (General Radio Co., West Conc 
Mass. 1, Two Veco gl ass-embedded thermistors (No. 47A13 Victory Engineering 
Gorp., Springfield,  N.J.) monitor the temperature of the solut ions  on both 
s ides  of the membrane. 
A 1 Results and Discussion 
The same membrane segment was used throughout a l l  our reported t ranspor t  
measurements ; i t  i s  the cation-exchange membrane AMF C-103 (American Machine a 
Foundry Co., Springdale, Conn.), a polyethylene-styrene g r a f t  polymer with 
sulfonate as the ac t ive  group. The equilibrium propert ies of the membrane, SL. 
as ion exchange capacity,  water content ,  thickness,  were determined by stan- 
d a r d  t e s t  procedures, as described i n  the O.S. W .  R & D Report No. 77[31, and 
t h e  r e su l t s  were reported i n  the  eighth quar ter ly  repor t  (January, 1970). 
We repor t  here four types of experiments, namely dialysis+-+osmosis, electromic 
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electroosmosis and pressure permeation experiments. Each experiment has 
been designed t o  study one, or a combination of the driving forces,  i .e.  
concentration gradient, e lec t r ica l  potential gradient, or pressure gradient. 
Based on the resul ts  obtained from these experiments, we proceeded to a 
ser ies  of electroosmosis - electromigration measurements with no concentratic 
gradient ( i  .e. between identical solut ions) ,  discussed a1 so in t h i s  section. 
The d ia ly t ic  and osmotic fluxes which resul t  from a concentration 
difference of 0.1 - 0.5 M NaCl (AT = 18.17 atm) were measured i n  t h i s  
experiment. The large concentration difference was chosen because the 
AMF C-103 membrane has a low permeability to  s a l t .  Even when using a mem- 
brane of f ree surface area 7.88 cm2*, three days were required to  transport 
approximate 3 mmoles of s a l t ,  t h i s  amount being the minimum consistent 
with accurate analytical determination in the eluate from the column. 
The results of a typical experiment are shown in Figure 6. This figure 
demonstrates the high degree of l inear i ty  of the d ia ly t ic  and osmotic fluxes 
w i t h  time. Using the least-square method, we obtained the following flux 
values 
Jw = (+I30 + 1 )  x lo-' mole sec-' 
s 
= (-1.21 + 0.01 ) x lo-' mole cmm2 sec-' 
As can be clearly seen in Figure 6,  the standard deviation of the data 
* 
Recent measurements of the individual hole diameters in the perforated discs 
which act  as membrane supports showed tha t ,  surprisingly, not a l l  diameters 
were equal. From these measurements the total  f ree  membrane area was 
recalculated to  yield 8.13 cm2. This revision of the area value affects  
a l l  the flux values presented in th i s  report b u t  since the percentage cor- 
rection i s  the same fo r  a l l  measurements, and since the comparison of fluxes 
caused by different  forces, rather than the absolute flux values are of 
primary in t e res t ,  no revision was made here. In par t icular ,  the ordinates 
of the  graphs were not relabeled. 
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Concent ra t ions:  C; = 0.1 M NaC1; C; = 0.5 M NaCl, 
Membrane: AMF C-103; T = 25.00 i O.Ol°C 
From Figure: 
S a l t  f l u x :  JS = -4.36 i 0.04 pmole cmm2 h r - l ,  
Water f l u x :  Jw = + 467 + 4 pmole cm" hr-'. 
points was qui te  small. Several experiments using identical  conditions were 
performed consecutively over a period of s i x  days and gave roughly ident ical  
resul d s .  
I n  the f i r s t  two d i a ly s i s  experiments, the s a l t  f lux ,  as calculated 
From the demineral izing-column data was 10% lower than t ha t  calculated using 
buret data.  I t  was discovered t ha t  during the  e lut ion of the  demineralizing 
column, small a i r  bubles formed which in terfered with the e lut ion process. 
These were el imi nated by e lu t i  ng with deaerated NaN03 solution.  Thereafter ,  
agreement between the s a l t  fluxes was within 1%. 
A ,  IV,2. Electromigration - Electroosmosis Experiments with Concentration Gradient 
Figure 7 shows an experiment in which two driving fo rces ,  v iz .  e l e c t r i c  
and  osmotic caused ion and water flow. The applied e l e c t r i c  voltage was 
posi t ive ,  i .e. posit ive current  passed from r igh t  t o  l e f t  in  the diagram 
shown in Figure 1. The concentration in the l e f t  compartment, C; was 
he ld  higher than in the r igh t .  In other words, the driving forces fo r  
el ectroosmoti c and osmotic water t ranspor t  were in  the same di rection ( r i g h t  
* 
to l e f t )  . The driving forces fo r  - sal  t f 1 ow opposed each other.  
2 The current  density of -2ma/cm was chosen, because i t  caused an 
electroosmotic water flow a t  l e a s t  twice as large as the osmotic water 
f l o w  i n  the absence of electroosmosi s ; the concentration difference across 
* 
The term " s a l t  flow" i s  t o  be understood as follows: as sodium ions 
migrate from r igh t  t o  l e f t ,  the electrode reactions a t  the Ag/AgC1 electrode 
remove and produce respectively su f f i c i en t  amounts of chloride ions t o  
maintain e lec t roneu t ra l i ty .  Therefore, the  amount of cat ions ,  t ransferred 
[mole sec- l )  i s  equal t o  the number of moles of s a l t  gained per second by 
the  l e f t  compartment; t h i s  gain i s  the " s a l t  flow". 
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F i  gure 7: El ectromi g ra t i  on - Electroosmosi s Experiment 
Concentrations: C; = 0.5 M NaCl; C; = 0.1 M NaCl; i = - 2 ma cm2; 
AMF C-103 membrane; T = 25.00 i O.Ol°C 
From f i  gure : 
S a l t  f lux:  J s  = - 66.2 i 0.5 pmole cm-2 hr-' 
Water f lux:  Jw = - 1118 i 6 pmole cm-' hr-' 
the membrane was 0.5 - 0.1 M NaC1. Since the column ha1 f-cel 1 a1 ways 
removes s a l t ,  and the buret s ide  adds s a l t ,  and since electromigration 
i s  the  dominant f a c to r  i n  s a l t  t r anspor t ,  the current  must always be 
made t o  flow from the buret t o  the column s ide .  Hence when the force 
for  s a l t  d i f fus ion and the  e l e c t r i c  force  a re  t o  be i n  the same d i rec t ion ,  
t he  buret s ide  must be more concentrated; i f  the  forces  a re  opposed, the  
column s ide  i s  the more concentrated. In the l a t t e r  case,  this require-  
~ e n t  introduces a problem: i n  the period preceding the passage of the 
current ,  the  feedback system cannot maintain the steady s t a t e  because 
d i a ly s i s  i s  proceeding i n  the d i rect ion opposite t o  t h a t  which can be 
corrected by the feedback mechanism. Therefore, the i ni t i  a1 concentrations 
were established and maintained manually by in jec t ing  deaerated water and 
concentrated s a l t  solutions i n to  the  hal f -cel ls  un t i l  the e l e c t r i c  current  
was turned on. Afterwards, the feedback system s t a r t ed  t o  maintain steady- 
s t a t e  conditions. 
For the experiment shown i n  Figure 7 ,  when negative current  i s  from 
right t o  l e f t ,  the following f lux  values were calculated:  
i = -2 ma/cm 2 
< 
Cathode/C; = 0.5 M NaCl // C i  = 0.1 M NaCl / Anode 
( J w ) ~ p = ~  = (-311 i 2 )  x lo-' mole cm-' set" 
The graph demonstrates constancy of the  f lux  values over several 
hours, during which period a substant ia l  percentage of the s a l t  present i n  
the ha1 f - c e l l  con ta in ing  the  d i l u t e  s o l u t i o n  was transported. This  would 
have caused considerable concent ra t ion  changes had the  "concentrat ion-clamp" 
n o t  res to red  the concent ra t ion  t o  t h e i r  o r i g i n a l  values. 
A, IV-3. Pressure Permeation Experiments 
The r e s u l t s  o f  experiments i n  which concentrat ion and pressure 
d i f fe rences were app l i ed  simultaneously a re  shown i n  F igure 8. A f t e r  
app7 i c a t i o n  o f  the pressure, the  water f l u x  reached a constant value 
almost immediately, w h i l e  i t  took two days f o r  t he  s a l t  f l u x  t o  reach 
steady s ta te .  The reason f o r  t h i s  phenomenon i s  n o t  known; a t  any r a t e ,  
Figure 8 shows water and s a l t  t r a n s p o r t  a f t e r  bo th  f l u x e s  had reached 
steady val  ues . 
The f o l l o w i n g  f l u x  values were ca l cu la ted  f rom the slopes o f  t he  
l i n e s  i n  F igure 8: 
(Js)i=O = -(0.442 + 0.008) x  lo-' mole cmm2 sec-' 
(Jw)i=O = +( I01 + 0.6) x  lo- '  mole cmm2 sec-' 
Compari ng these va l  ues t o  those ob ta i  ned i n  t he  d i a l y s i s  +-+ osmosi s  
experiment i n  t he  absence o f  a pressure g rad ien t  [(JS)i=O and (Jw)i=O 
Ap =O Ap=O 
respect ive ly ] ,  i t  i s  seen t h a t  - both the  s a l t  and the water f l u x  
decreased ( i n  absolute value)  w i t h  appl i c a t i o n  o f  pressure. The decrease 
of the s a l t  f l u x  i s  n o t  su rp r i s i ng ,  because the  pressure opposes the 
d i a l y t i c  f low.  The hyd rau l i c  and osmotic d r i v i n g  fo rces  f o r  the  water 
f l u x  are i n  t he  same d i r e c t i o n ,  however, one should the re fo re  expect h igher  
w a t e r  f l u x  under pressure than i n  the absence o f  pressure. It i s  
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Fiqure 8 :  Dialysist+Osmosis w i t h  Pressure Gradient. 
Concentrations: C; = 0.1 M NaC1; C l  = 0.5 M NaC1, 
p" - p '  =-1.5 atm; T = 25.00 + O.Ol°C; AMF C-103 membrane 
From f igure:  
S a l t  f lux:  Js  = - 1.59 i 0.03 prnole cm-' hr" 
-2 -1 Water f lux:  Jw = + 362 t 2 pmole cm hr 
possible t h a t  t h i s  r e su l t  i s  due t o  membrane compaction, but f u r t he r  
experiments have t o  be done t o  confirm t h i s  working hypothesis. I t  is 
seen t ha t  by applicat ion of pressure the water f lux  decreased from the 
d ia lys i s  value (Section A. IV.l) of 130 t o  101 x mole cm-2 sec- l .  
In  other words, here the  applicat ion of a force (pressure) a l t e red  the 
membrane, so as t o  change the permeability. 
Measurements of stremning potentials are  performed usi ng small 
Ag/AgCI electrodes.  The concentration difference was: C g  - C; = 0.5 - 
0,1 M NaC1. The streaming potential  was taken as the e l e c t r i c  potential  
a i f ference across the membrane under a pressure difference minus t h a t  
measured without a pressure difference.  The pressure di f ference was 
increased in s t eps  of 0.1 atrn ranging from 0.0 atrn t o  -1.5 atm. Figure 9 
shows t ha t  the  streaming potential  increased t o  a maximum va1 ue of 1.3 mv 
when Ap = -0.5 atm, and then decreased f a i r l y  1 inear ly  w i t h  a slope of 
A number of volume t ranspor t  measurements were performed with a 
small concentration gradient  only, so t ha t  the hydraulic pressure could 
be raised above the osmotic pressure di f ference between the two solut ions  
bracketing the membrane without exceeding the  pressure 1 imitat ion of the  
apparatus. The concentration di f ference was C i  - C; = 0.08 - 0.1 M NaCl 
(h = -0.8922 atrn). These experiments were only of a few hours durat ion,  
and the feedback system was not used because the concentration changes 
were very small. 
The following r e su l t s  were obtained: 
J y  = (-1.48 2 0.03) x cm set-l; f o r  Ap = 0.000 atm 
P'l- P', atm 
Figure 9 : Streaming Po ten t i  a1 w i t h  a  Concentrat ion Gradient.  
Concentrat ions: C; = 0;l M NaCl; C; = 0.5 M NaC1, 
AMF C-I03 membrane; T = 25.00 + O.O1°C 
Voltage w i t h o u t  pressure d i f f e r e n c e :  AE' = - 65.4 + 0.1 mv 
Ordi nate shows p o t e n t i  a1 d i f f e r e n c e  measured between Ag/AgCl e lec t rodes ,  
A E ' - ~ ,  minus p o t e n t i a l  d i f f e r e n c e  i n  absence o f  pressure d i f f e rence ,  AE'. 
JV = (+I .41 i 0.03) x cm sec-I ; f o r  Ap = -0.985 atm 
- 7 J y  = (+2.80 i 0.06) x 10 crn sec- ' ;  f o r  Ap = -1.490 
When plot t ing these volume f luxes  agains t  pressure, one f inds  an almost 
l i n e a r  re la t ionship .  
In experiments employing pressure gradients,  data recorded i n  the r i gh t  
ha1 f-cel  1 (Fig. 1 ) were used s ince  nei ther  s a l t  nor water f l ux  can be 
calculated using volume change data recorded in  the  pressurized l e f t  
qa7f-cell (Fig. 1 ) because the "Lexan" housing and the polyethylene 
t u b i n g  of t h i s  hal f -cel l  expand with pressure i n  an i r reproducible ,  non- 
1Snear manner. 
A ,  BV. 4. "Three-Force" Experiment 
In  t h i s  experiment, e l e c t r i c ,  osmotic and pressure forces were 
a p p l i e d  simultaneously. The conditions were C; - C; = 0.5 - 0.1 M NaC1, 
-2 P" - P P "  = -1.5 atrn and an e l e c t r i c  current  density of -2ma/cm ; the anode 
was on the h i  gh-concentration (auto-buret) s ide  of the membrane. 
The following f lux  values were calcula ted from the r e su l t s :  
-2 -1 J = (-20.5 2 0.2) x loV9 mole cm sec  
S 
Jw = (-98.1 i 0.9) x lom9 mole cmm2 sec-' 
The r e su l t s  of a l l  experiments in  which the solut ions  separated by 
t h e  membrane were of d i f f e r en t  concentration are  summarized i n  Table 1.  
IV, 5, Electromigration - Electroosmosi s Without Concentration Gradient 
Based on the evaluation of the r e su l t s  from the  previous t ranspor t  
experiments, a s e r i e s  of electromigration - electroosmosis experiments, 
TABLE 1 
* Transport Experiments : Experimental Conditions and Results 
1 , Dialysis c-t osmosis: Previous Notation 
C 1  = 0.1 M NaC1, C; = 0.5 M NaCl 
S 
(Jw)i =o = (+I 30 + 1 ) x lo-9 mole cm-2 sec-' 
Ap=O 
(JS)i,O = (-1.21 0.01) x 1 0 - ~ m o l e  cm-2 sec-I 
A p = O  
2, Electromigrati on - Electroosmosi s :  
= (-311 r 2) x lom9 mole cm-' sec-' J-c-i (Jw)*p=o W 
= (-18.4 + 0.1) x 10" mole ~ r n - ~  sec-' J-c-i  (Js)*p=o S 
3 ,  Pressure Permeation: 
( a )  C; = 0.1 M NaCl, C;' = 0.5 M NaC1; Ap = -1.5 atm 
(J,)i=O = (+I01 r 0.6) x loe9 mole cmm2 sec-' jc-P W 
( JS) i=O = (-0.442 + 0.008) x lom9 mole cm-2 sec-' J C-P S 
( b )  C; = 0.1 M NaCl, C; = 0.08M NaCl 
ap = 0.000 atm; Jv  = (-1.48 + 0.03) x loe7 cm sec-I J i c  
Ap = -0.985 atm; J V  = (+1.41 r 0.03) x cm sec  - 1 J - C - p l  V 
np  = -1.490 atm; J y  = (+2.80 + 0.06) x lom7 cm sec  - 1 J Y  C-p2  
, 
A l ?  f luxes were measured across AMF C-103 cation se lec t ive  membrane, 
a t  25.00 + 0 . 0 1 ~ ~ .  This t ab le  contains only r e su l t s  of experiments i n  
whjch the membrane separated solut ions  of d i f f e r en t  concentrations. 
TABLE 1 (Cont inued) 
T ranspor t  Experiments : Experimental  Cond i t ions  and Resu l ts  
""Three-Force" Experiment: 
C; = 0.1 M NaC1, C: = 0.5 M NaC1; Ap = -1.5 atm; i = -2ma/cm 2 
= (-98.1 + 0.9) x 10" mole sec-' 
J = (-20.5 k 0.2) x l o m 9  mole cmW2 sec-' S 
Prev ious No 
with no concentration gradient across the AMF C-103 membrane, was performed. 
The concentrations on both s ides  of the membrane were held equal ,  and f o r  
each s a l t  concentration, three  d i f f e r en t  current  dens i t i e s  were passed, viz. 
2 0,5, 1,0, and 2.0 ma/cm . 
The concentrations were 0.5 N and 1.0 N NaC1. For each t ranspor t  
experiment, water and s a l t  t ranspor t  were determined (See e.g. Figures 10-1 2) ; 
each experiment was repeated a t  l e a s t  twice and the  water and s a l t  f luxes 
were calcula ted,  using the least-square method; the calculated standard 
deviat ion was ra ther  small. The f luxes a re  l i s t e d  i n  Table 2 .  A f u l l  
eva'luation o f  the water and s a l t  t r anspor t  numbers and t h e i r  dependence 
on s a l t  concentration and e l e c t r i c  current  density i s  being performed and 
w411 be reported in the next quar te r ly  repor t ,  together w i t h  r e la ted  
1 -i Serature data.  From the  f i r s t  evaluation of the data ,  we found t h a t  
the cat ion t ranspor t  number in the membrane, t+, is  decreasing with increased 
current density and with increased external s a l t  concentrat ion,  in the 
range we invest igated.  These f indings a re  i n  agreement with those reported 
PI by ~ a k s h m i n a r a ~ a n a i a h [ ~  and by Kressman and Tye . 
A ,  V, Calculation of Permeabi 1 i t y  Coefficients  
To compare our r e su l t s  t o  t ranspor t  measurements in the l i t e r a t u r e ,  
i t  i s  convenient t o  express the data in terms of "permeability coef f i c ien t s" ,  
def ined  as follows C 6 l  
" (Osmotic) Water Permeabi 1 i t y "  (22) 
"Dialysis  Coefficient" 
WATER TRANSPORT, m moles 
SALT TRANSPORT, m moles 


TABLE 2 
k 
Electroosmosi s - Electromi gration Without Concentration Gradient 
* 
A1 1 fluxes, 3 ,  were measured across AMF C-103 cation-selective membrane, a t  
25.00 i 0 . 0 1 ~ ~ .  The flux units are  mole sec-l. 
These d e f i n i t i o n s  r e f e r  t o  d i a l y s i s  - osmosis experiments i n  the  
absence o f  app l i ed  e l e c t r i c  and/or pressure forces. It should be noted 
t n a t  these pe rmeab i l i t y  c o e f f i c i e n t s  a re  p o s i t i v e  by d e f i n i t i o n .  They 
are i n v e r s e l y  p ropo r t i ona l  t o  the  membrane th ickness and depend t o  some 
e x t e n t  on the concentrat ions o f  both so lu t i ons  separated by the membrane. 
Pmw and Pms are q u a n t i t a t i v e  i n d i c a t o r s  o f  the  ease o f  m ig ra t i on  o f  water 
and s a l t  respec t i ve l y  through the  membrane, under the  prevai  1  i ng cond i t ions  . 
Permeab i l i t y  c o e f f i c i e n t s  o f  d i f f e r e n t  cation-exchange membranes, as 
ex t rac ted  f rom the  l i t e r a t u r e ,  are l i s t e d  i n  Table 3 and compared t o  those 
measbred by us. The data show a  c l e a r  c o r r e l a t i o n  between the  pe rmeab i l i t i es  
and the water content  o f  the  membranes: t he  h igher  the  water content ,  the  
h i g h e r  the water pe rmeab i l i t y  and the  d i a l y s i s  c o e f f i c i e n t .  
I t  i s  o f  i n t e r e s t  t o  consider  t he  water pe rmeab i l i t i es  o f  some b io -  
l o g i c a l  membranes which are  much th inne r  than the  s y n t h e t i c  membranes 
l i s t e d  i n  Table 3. For instance t h e  f o l l o w i n g  water pe rmeab i l i t i es  were 
- 1  
repor ted  i n  the 1  i t e r a t u r e :  2.1 x  cm sec f o r  a rbac ia  eggs, 
1.8 x 1 on4 cm sec-' f o r  n i  t t e l l  a, 6.3 x  cm sec-' f o r  r a b b i t  leucocytes 
and  the  same f o r  onion s k i n C 7  I .  I f  the  " s p e c i f i c "  [lo] water permeabi 1  i t i e s  
(which are t r u e  ma te r ia l  constants)  of these b i o l o g i c a l  membranes were 
s i m i l a r  t o  those o f  the  s y n t h e t i c  membranes l i s t e d  i n  Table 3, one should 
expec t  much h igher  permeabi 1  i t i e s ,  P%, f o r  t h e  b i  01 ogi  ca l  membranes, 
because they are much th inner .  Thus the  r e l a t i v e l y  low permeabi li t i e s  o f  
t h e  b i  01 ogi  ca l  membranes are i ndi  c a t i  ve o f  t h e i  r ti gh t  s t r u c t u r e  . 
TABLE 3 
Water Permeabilities and Dialysis Coefficients of Cation-Exchange Membranes 
a. Hi gh-densi t y  Polystyrene Sul fonate membrane (suppl i ed by Central Labora- 
torium TNO, Delft ,  Nether1 ands). 
b, Cadion-selective cel lophane membrane (Polymer Research Corporati on of 
America, Brooklyn, N . Y . ) .  
c ,  Sulfonated res in  of the  phenol-formaldehyde type (Permutit Co., Ltd., 
London). 
PART B. TRANSPORT PROPERTI E S  OF THE JPL 1 l g G X  MEMBRANE 
B, I .  Summary 
One p a r t  o f  t he  research  e f f o r t  d u r i n g  t h i s  year  was d i r e c t e d  towards 
t + e  s tudy o f  t r a n s p o r t  p r o p e r t i e s  o f  membranes bounded by concen t ra ted  KOH 
sc1ut ions.  I n  i t s  present  form t he  "concent ra t ion-c lamp" system ment ioned i n  
P a r t  A cannot be used i n  these s o l u t i o n s .  I t  was dec ided t o  per form the  
t r a n s p o r t  measurements i n  t h e  concen t ra ted  KOH s o l u t i o n s  u s i n g  a  conven t iona l  
quas i -s teady s t a t e  system i n  a  t r a n s p o r t  c e l l  made o f  Pyrex g lass .  The mem- 
b r a n e  used was "119GX1' s u p p l i e d  by JPL. Th i s  membrane has a  po l ye thy l ene  
base  which i s  g r a f t e d  w i t h  a c r y l i c  a c i d  and c r o s s - l i n k e d  w i t h  d iv iny lbenzene .  
KOH d i f f u s i o n  measurements between 5M and 1M s o l u t i o n s  y i e l d e d  t he  
-4 - 1 
mass t r a n s f e r  c o e f f i c i e n t  o f  (6.7 + 0.3) x  10 cm sec . Th i s  represen ts  
a r e d u c t i o n  by a  f a c t o r  o f  about f o u r  o n l y ,  as compared t o  d i f f u s i o n  t r anspo r t  
i n  f r e e  s o l u t i o n .  The mass t r a n s f e r  c o e f f i c i e n t  o f  t h e  d i sso l ved  z i n c  
s p e c i e s  was found t o  be t en  t imes lower than t h a t  o f  KOH. Therefore,  the  
membrane a c t s  as a  p a r t i a l  b a r r i e r  f o r  t he  s o l u b l e  z i n c  species.  
The t r a n s p o r t  number o f  k i n  t he  membrane (equi  1 i b r a t e d  w i t h  5M KOH) 
was 0 , 3 8  + 0.02, as compared t o  0.27 i n  d i  l u t e  s o l u t i o n .  Hence t he  membrane 
t 
e x h i b i t s  s l i g h t  s e l e c t i v i t y  w i t h  r espec t  t o  K  , b u t  can by no means be 
cons idered  as a  t r u l y  permse lec t i ve  membrane when i n  c o n t a c t  w i t h  5M KOH. 
The r e s u l t s  o f  these exper iments enabled us a l s o  t o  o b t a i n  an app rox i -  
m a t e  va lue  o f  t he  water t r a n s f e r  c o e f f i c i e n t  ( f o r  osmot ic  f l o w ) ,  Kw' and the 
- 
wa tee- t r a n s p o r t  number (mole e lec t roosmot  i c  water f l o w  per Faraday) , tw' 
The apparatus and exper imenta l  method were designed pr imar i l y  f o r  de te r -  
m i n a t i o n  o f  i on  t r a n s p o r t ,  however; hence, t he  water t r a n s p o r t  va lues have 
a cons iderab le  1 i m i  t o f  e r r o r  (about 40%). They a re  o f  i n t e r e s t  as gu ide-  
l i n e s  f o r  p o s s i b l e  f u t u r e  exper iments s p e c i f i c a l l y  designed f o r  water  
transfer measurements i n  systems composed o f  membranes and concen t ra ted  
s o l u t i o n s .  
LIST OF SYMBOLS USED IN PART B 
membrane area, cm 2 
- 1 
concentration parameter defined by Eq. (~10) , sec 
solute concentration at t = 0, mole cm -3 
solute concentration at time t, mole cm -3 
th i ckness, cm 
- 1 
solute mass transfer coefficient, cm sec 
4 - 1 - 1 
volume transfer coefficient, cm mole sec 
molal i ty 
total number of moles of solute in half-cell at t = 0 
total number of moles of solute in half-cell at time t 
change in total number of moles of solute in half-cell 
transport number of the positive ion in the solution 
transport number of the positive ion inside the membrane 
water transport number inside the membrane 
solution volume at t = 0, cm 3 
solution volume at time t, cm 3 
- 1 
apparent molal volume, cm3 mole 
B .  8 8 ,  Exper imenta 1 
. ! I 1 Exper imental  Apparatus 
A t r a n s p o r t  c e l l  made o f  Pyrex g l ass  was assembled t o  per form 
d i f f u s i o n  and e l e c t r o m i g r a t i o n  measurements across membranes i n  con tac t  
w i t h  concen t ra ted  KOH s o l u t i o n s .  Pyrex g l ass  showed good long-term r e -  
s i s t ance  a g a i n s t  concen t ra ted  KOH s o l u t i o n s  a t  ambient temperature. The 
cei 1 c o n s i s t s  o f  two P8320 t h i c k - w a l l  90" Pyrex elbows ( con i ca l  p ipe,  
Corning Glassworks, Blacksburg,  ~ i r ~ i n i a ) ,  1" i .d., clamped toge ther  w i t h  
the membrane ho lder  i n  between. The membrane ho lder  c o n s i s t s  o f  two 
plates o f  G - 1  1 f i b e r g l a s s - r e i n f o r c e d  epoxy, 1/16" t h i c k ,  ( ~ y n t h a n e  Cor- 
pora t ion ,  Oaks, Pennsylvania),  w i t h  a  3/8" diameter h o l e  i n  the m idd le  
2  leaving an a c t i v e  membrane area o f  0.73 cm . The membrane i s  clamped 
between these two p l a tes ;  t h e r e  i s  an O- r ing  sea l  between each g l ass  
elbow and the membrane ho lder .  The v e r t i c a l  p a r t  o f  the  elbow i s  c l osed  
w i t h  a rubber  s topper  t o  p reven t  evaporat ion,  a l though  a p i nho le  i n  t he  
stopper prevents  pressure-bu i ldup.  
I n  e l e c t r o m i g r a t i o n  exper iments,Pt e l ec t r odes  a re  f i t t e d  i n  the  
rubher stopper.  Normal ly each h a l f - c e l l  i s  f i l l e d  w i t h  50 cm3 s o l u t i o n .  
i n  the e l e c t r o m i g r a t i o n  exper iments a  CK40-0.8M au tomat i c  cross-over  
power supply (Kepco Inc., F lush ing ,  New ~ o r k )  was used i n  the  cons tan t -  
c u r r e n t  mode. A 10 Ohm s tandard  r e s i s t o r  was connected i n  s e r i e s  w i t h  
t h e  c e l l .  The v o l t a g e  drop across t h i s  r e s i s t o r  was measured us i ng  a K-5 
potent iometer  ( ~ e e d s  and Nor thrup,  Nor th  Wales, Pennsylvania),  f rom which 
the  c u r r e n t  cou ld  be c a l c u l a t e d  accu ra te l y .  B lank P t  e l ec t r odes  were 
used f o r  anode and cathode. 
I n  a l l  exper iments t he  s o l u t i o n s  a r e  s t i r r e d  w i t h  magnet ic  s t i r -  
r i n g  bars  i n s i d e  the  h a l f - c e l l ,  a t  approx imate ly  200 rpm. The s t i r r i n g  
i s  probably  n o t  s u f f i c i e n t  t o  comp le te ly  e l i m i n a t e  the mass t r a n s f e r  r e -  
s i s t ance  of  t he  membrane-solut ion boundary l aye r .  I t s  main purpose i s  
t o  m i x  the  s o l u t i o n s  i n  the h a l f - c e l l s  du r i ng  and d i r e c t l y  a f t e r  the  
exper  iment. 
The f o l l o w i n g  t r a n s p o r t  exper iments have been c a r r i e d  o u t  i n  t h i s  
ce l 1 ,  us i ng the J e t  P ropu ls ion  Laboratory  1 19GX membrane t o  separate  the  
t w o  cel 1 compartments 
a) D i f f u s i o n  o f  KOH. I n i t i a l  bounding s o l u t i o n s  were approx imate ly  
5.0 and 1.OM KOH, f i n a l  concen t ra t i ons  approx imate ly  4.5 and 
1.5M. The t o t a l  water t r a n s p o r t  (osmot ic  f low)  cou ld  a l s o  
be determined, a1 though n o t  ve ry  accu ra te l y .  
b) E l e c t r i c a l  t r a n s p o r t   measurement^ i n  approx imate ly  5.OM KOH 
so lu t i ons .  P t  e l ec t r odes  were used, t o t a l  c u r r e n t s  o f  around 
+ 
150 mA were app l ied .  The t r a n s p o r t  number of the  K  i o n  can 
be c a l c u l a t e d  f a i r l y  accu ra te l y ,  the  t r a n s p o r t  number o f  the  
water (moles o f  water t r anspo r t ed  per Faraday o f  charge passed 
through the  membrane) i s  ob ta i ned  w i t h  moderate accuracy. 
c) D i f f u s i o n  o f  Zn spec ies from a  s o l u t i o n  approx imate ly  5M i n  
KOH + 0.1M i n  ZnO through the  membrane t o  a  5M KOH s o l u t i o n  
c o n t a i n i n g  no ZnO. A t o t a l  Zn concen t ra t i on  change of  0.016M 
occur red  dur i ng the  exper iment. 
B.  i 1.2. Chemicals and A n a l y t i c a l  Determinat ions 
KOH and ZnO were "Reagent Grade" (Ma 1 1 i nck rod t  Chemica 1 Works, 
St, Louis ,  M i s s o u r i ) .  They were used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  De- 
i on i zed  and deaerated water was used t o  make t he  r e q u i r e d  s o l u t i o n s .  
The s o l u t i o n s  were kep t  i n  we l l - s t oppe red  po lye thy lene  b o t t l e s ,  b u t  no 
spec ia l  p recau t ions  were taken t o  prevent  CO -uptake d u r i n g  s torage,  2  
t r a n s f e r  and exper iment.  OH- concen t ra t i ons  o f  the  exper imenta l  s o l u t i o n s  
were always redetermined s h o r t l y  be fo re  an exper iment,  b u t  i n  no case 
d i d  we f i n d  s i g n i f i c a n t  changes due t o  C02-uptake. The presence o f  a  
r e l a t i v e l y  smal l  amount o f  carbonate ions would no t  i n t e r f e r e  w i t h  our  
t r a n s p o r t  measurements. KOH concen t ra t ions  were determined by t i  t r a t i o n  
w i t h  s tandard HC1 s o l u t i o n s  us i ng  pheno lph ta l e i n  i n d i c a t o r .  Ln KOH 
s o l u t i o n s  c o n t a i n i n g  ZnO the  t i t r a t i o n  was ended when the  s o l u t i o n  was 
c o i o r l e s s .  A Z ~ ( O H )  p r e c i p i t a t e  remained; t he  pH o f  the  f i n a l  s o l u t i o n  2  
was found t o  be around 7. Thus o n l y  t he  " f r e e t 1  OH- was determined and 
not t h e  OH- bound i n  z ~ ( O H ) ~ .  Zn concen t ra t  ions were determ ined by 
f i r s t  n e u t r a l i z i n g  the  s o l u t i o n  sample w i t h  1M o r  5M HCl and subsequent 
t i t r a t i o n  w i t h  E.D.T.A. us i ng  a  pH 10 b u f f e r  and Eriochrome B lack  as 
i nd i ca to r .  Accuracy o f  t he  concen t ra t  i on  de te rmina t ions  i s  ex t reme ly  
impor tan t  because o f  the  r e l a t i v e l y  smal l  concen t ra t i on  changes t h a t  
have t o  be detected. R e p e a t a b i l i t y  o f  t he  OH- de te rmina t ions  i s  e s t i -  
mated a t  0.1% when no Zn i s  present  i n  the  s o l u t i o n  and a t  0.1 - 0.2% 
f o r  s o l u t i o n s  c o n t a i n i n g  ZnO. R e p e a t a b i l i t y  o f  Zn de te rmina t ions ,  us i ng  
a  0 , O l N  E.D.T.A. s o l u t i o n ,  was b e t t e r  than 0.2% when more than 10 m l  
E , D . B . A .  was used b u t  t h i s  u n c e r t a i n t y  became p r o p o r t i o n a l l y  h igher  when 
sma 1 l e r  q u a n t i t i e s  o f  E.D.T.A. were needed. 
8 .  1 1 - 3  Exper imenta 1 Procedure and C a l c u l a t i o n s  
In a KOH d i f f u s i o n  exper iment  50 m l  o f  s o l u t i o n  o f  known KOH 
concen t ra t i on  i s  p i p e t t e d  i n t o  each h a l f - c e l l ;  s o l u t i o n s  approx imate ly  
5M and 1M i n  KOH were used i n  each h a l f - c e l l  r e s p e c t i v e l y .  T ranspor t  o f  
s o l u t e  and o f  water  through the  membrane i s  a l lowed t o  take p lace  f o r  a  
c e r t a i n  p e r i o d  o f  t ime, 6 t ,  rang ing  from 2 t o  4 hours. Then a  2 m l  so l u -  
t i on  sample i s  taken f rom each compartment and t h e  KOH concen t ra t i on  i s  
determined. The remain ing s o l u t i o n  i n  each compartment i s  t r a n s f e r r e d  
complete ly  t o  a  v o l u m e t r i c  f l a s k  and the  t o t a l  number o f  moles o f  KOH i n  
each compartment i s  determined by t i t r a t i n g  an a l i q u o t .  The f i n a l  volume 
o f  the s o l u t i o n  i n  each compartment was then c a l c u l a t e d  from the f o l l o w -  
i n g  equat ion:  
3 
Vt i s  the  f i n a l  s o l u t i o n  volume (cm ) ,  n  t he  t o t a l  number o f  moles o f  s , t  
KOW i n  t h e c o m p a r t m e n t a t t h e t i m e  t, a n d C  t h e f i n a l  KOHconcent ra t ion.  
s , t  
This method was used because the  apparatus d i d  n o t  have p r o v i s i o n s  f o r  
accura te  volume-change measurements. 6Vt = V t  - V no rma l l y  was 1 t o  2 
0 
m l ,  I n  a l l  exper iments 6V' and 6Vy , the  volume changes o f  t he  more con- t 
c e n t r a t e d  s o l u t i o n  ( I )  and t he  more d i l u t e  s o l u t i o n  (") r e s p e c t i v e l y ,  
cerresponded t o  each o t h e r  w i t h i n  measurement e r r o r ;  however, t h i s  
measurement e r r o r  cou ld  be app rec i ab le  due t o  the  r e l a t i v e l y  smal l  d i f -  
ference between V t  and Vo, r e s u l t i n g  i n  o n l y  approximate va lues f o r  the 
c a t e r  t r a n s f e r  c o e f f i c i e n t  Kw. The t o t a  1 s o l u t e  t r anspo r t ,  6n (moles) 
S,  t 
i s  g i ven  by:  
3 where V i s  the s o l u t i o n  volume a t  t = 0 (cm ) ,  Cs,O the KOH concent ra t ion  
o  
3 
a t  t = O , ( m o l e / c m )  a n d n  t h e f i n a l  t o t a l  n u m b e r o f m o l e s o f  KOHaf te r  
s, t 
time t. I n  a l l  experiments the d i f f e rence  between 6n1 and 6n1I was w i t h i n  
S S 
measurement e r r o r .  
I n  a  d i f f u s i o n  experiment the concentrat ion d i f ference between the 
so lu t ions  bounding the membrane decreases w i t h  t ime and hence 6n does 
s , t  
v a r y  l i n e a r l y  w i t h  t. A t  any t ime, t, the t ranspor t  o f  so lute,  s, i s  
g i v e n  by: 
a n d  the volume t ranspor t  by: 
I n  these equations ' denotes the more concentrated so lu t i on ,  " the more 
dilute so lu t ion .  n  i s  the number of  moles of so lu te  i n  a  compartment, s  
3 V t h e  volume o f  the s o l u t i o n  i n  a  compartment (cm ) .  A i s  the membrane 
2 3 
area  (cm ) ,  C the so lu te  concentrat ion (moles/crn ) and t the tlme (sec), 
s  
K i s  the so lu te  t rans fe r  c o e f f i c i e n t  (cm secwl) and KW the c ~ ~ f f  l c i ~ n t  
S 
4 descr ib ing the volume t ranspor t  (cm mole-' secn'). Equation (84) Is not  
exact,  s ince the volume i s  no t  a  conserved q u a n t i t y  I n  the t ranspor t  
process, due t o  the d i f ferences o f  the p a r t i a l  molar volumes I n  the tw 
solsd"cons bounding the membrane. This d i f fe rence b ~ t w a e n  AV' and AV" i s  
not  large enough t o  be detected i n  our experiments and the usa o f  Equal 
tion ( ~ 4 )  i s j u s t i f l e d  w i t h i n  the experimental l i m l t s  of e r ro r .  
: n t e g r a t  i o n  o f  Equat ions (B3)and ( ~ 4 )  g i ves :  
6V" = Kw 
t 
sv; = - t A s (c; - C;') d t  
0 
The t ime dependence of  ( c '  - C") can be so l ved  us i ng  Equat ions (B3) and s S 
(84). Since n = V.c, Equat ion ( ~ 3 ) ~ i e l d s :  
D i v i d i n g  (B7)by V ' ,  (B8)by V", add ing t he  two r e s u l t i n g  equat ions,  sub- 
dV ' 
- - -  s t i t u t i n g  f o r  -- d t  dV1l from Equat ion (84) and i n t e g r a t i o n  o f  t he  f i n a l  d t  
eqsllat i on  ob ta i ned  f o r  d ( ~ '  - C1') /dt  y i e l d s  the  des i r ed  r e l a t i o n  between 
S S 
BS ( = C 1  - C") and t: 
S s 
w i t h  
1 1 c; c; I n  t h i s  d e r i v a t i o n  (7 + -) and (- + - v V" v ' vll) a re  assumed t o  be independent 
o f  t ime. Th is  assumption i s  j u s t i f i e d  by t he  f a c t  t h a t  the volume changes 
a r e  smal l  and t h a t  V 1  2 V". A lso  6C' i s  approx imate ly  equal t o  6C:. I n  
s 
our experiments t h i s  assumption i s  v a l i d  w i t h i n  exper imenta l  e r r o r .  Using 
Equat ion (B9) we can now so l ve  Equat ions ( ~ 5 )  and ( ~ 6 )  t o  ob t a  i n  express ions 
f o r  K and Kw: 
5 
T h u s  we see t h a t  knowledge o f  6n: ( o r  6n1') o n l y  i s  n o t  enough t o  ca l cu -  
S 
late K i n  a system where t he  concent ra t ions  a r e  a l lowed t o  change con- 
s 
s i de rab l y :  bo th  6n and the  concent ra t ions  have t o  be measured. Accurate 
S 
measurement o f  t he  volume chanqe du r i ng  an exper iment would a l s o  be s u f -  
f i c i e n t ,  p rov ided  t h a t  the  i n i t i a l  volume i s  known accura te ly .  
I n  a Z n - d i f f u s i o n  exper imenty50 m l  o f  an approx imate ly  5M KOH + 
0.1M ZnO s o l u t i o n  was p i p e t t e d  i n t o  one h a l f - c e l l  and 50 m l  o f  a 5.2M KOH 
s o l u t i o n  was p i p e t t e d  i n t o  the o the r .  Wi thout  d e f i n i n g  the Zn species 
2 - 2-  
which a re  a c t u a l  l y  present  (zno2 o r  z ~ ( O H ) ~  o r  any o t h e r  complex ions) 
we can measure the  t o t a l  amount o f  Zn be ing  t r a n s f e r r e d  through the  mem- 
brane  and c a l c u l a t e  a Zn t r a n s f e r  c o e f f  i c i en t ,K  ( ~ n )  ,using Equat ion ( 8 3 )  o r  s 
( 1 )  and t he  Zn concen t ra t i on  f o r  CS. Water t r a n s p o r t  i n  these 
exper iments may be neg lec ted  because t h e  d i f f e r e n c e  i n  t o t a l  s o l u t e  
a c t i v i t y  between t he  two s o l u t i o n s  i s  smal l .  S o l u t i o n  samples o f  2 ml 
w e r e  taken from each compartment a t  r e g u l a r  i n t e r v a l s  and t he  Zn con ten t  
o f  the samples was determined. Thus a p l o t  o f  I n E  - l n E  vs t 
s70 s 7 t  
can be made which shou ld  r e s u l t  i n  a s t r a i g h t  1 i n e  through z e r o  E q u a -  
t ions  ( ~ 9 )  and ( B I O ~  . The second term o f  ( ~ 1 0 )  i s  e f f e c t i v e l y  zero.  
5ence K can be determined from t h e  s lope  o f  t h i s  1 ine.  
S 
A c o r r e c t i o n  has t o  be made f o r  the  volume change of  t he  s o l u t i o n s  
because o f  t he  sample tak ing .  Ins tead  o f  t , a  summation o f  6t - (T 1 ' -1 
.L 
V' ' 
should be used as abscissa. The s lope  of  t h i s  l i n e  y i e l d s  K A 
s 
(See  F igu re  ~ 1 ) .  When samples a r e  taken, ~ q u a t i o n ( B 1  l)may n o t  be used be- 
cause o f  t he  decreas ing s o l u t i o n  volumes, which were no t  taken i n t o  account 
i n  i t s  d e r i v a t i o n .  
I n  t he  e l e c t r i c a l  t rans fe rence  experiments,50 ml o f  an approx imate ly  
5M MOH s o l u t i o n  were p i p e t t e d  i n t o  each h a l f - c e l l .  P t  e l ec t r odes  were 
~ s e d ,  r e s u l t i n g  i n  t he  f o l l o w i n g  o v e r a l l  t r a n s p o r t  process f o r  each Faraday 
of charge passed: 
- 
- + > 
1 mole OH- t+ mole K 
- 
4 mole H20 (I-;,) mole OH- 
mole H o 
W 2 
/ 
1 mole H20 
. 
1 mole OH- 
4 mole H ~ ? '  
- 
J- 
6 t  i s  the  seconds e lapsed between two sampl i n g  t imes. 
T h u s  f o r  each Faraday o f  charge passed, t he  l e f t  s i de  (anode) compartment 
has a n e t  loss  of t+ moles o f  KOH and (lw - $) moles o f  water.  The r i g h t  
s i d e  (cathode) compartment has a n e t  g a i n  o f  t+ moles o f  KOH and (tw - 1) 
mo les  o f  water. When the  b a c k - d i f f u s i o n  e f f e c t  i s  smal l  ( t h i s  i s  always 
the case i n  our exper iments,  as i s  exp la i ned  below), t he  t r a n s p o r t  number 
- 
GF t h e  p o s i t i v e  ion, t+, i n  the  membrane i s  c a l c u l a t e d  from: 
6 n i  and 6n: should be equal. When I+ i s  known, the  water t r a n s p o r t  number 
- 
can be c a l c u l a t e d  from the  volume change i n  each compartment: 
f o r  the  anode compartment, and 
f o r  t h e  cathode compartment. I i s  the  t o t a l  e l e c t r i c  c u r r e n t  (amp), 3 
the Faraday and the  p a r t i a l  mo la l  volume (cm3 mole"). 8V; and 6Vy 
s h o u l d  no t  be equal because o f  the  volume e f f e c t  o f  the  e l e c t r o d e  reac t i on ,  
w h i c h  removes 1 mole o f  H20 f rom the  cathode compartment and adds $ 
mole  of H 0 t o  the anode compartment per Faraday o f  charge passed. 2 
B i i b a d  6V" a r e  n o t  known very  accu ra te l y ,  the two s ides  may g i v e  
values f o r  t h a t  d i f f e r  as much as 30% ( o f  the  va lue  o f  ?w). Hence very  
a c c u r a t e  knowledge o f  the  p a r t i a l  mo la l  volume o f  water does n o t  add much t o  
t h e  accuracy o f  the  de te rmina t ion  o f  t We used the  va lue  f o r  pure water, 
w' 
3 V = 18 cm /mole. Dens i ty  data f o r  concen t ra ted  KOH s o l u t i o n s  were 
Ii20 
-48- 
- 
csed t o  c a l c u l a t e  V i n  these systems, u s i n g  t h e  r e l a t i o n :  KOH 
where m i s  the  m o l a l i t y  and @ the  apparent mo la l  volume.@ i s  c a l c u l a t e d  
from dens i t y  data:  
(see e,g. G. N. Lewis, M. Randa l l ,  Thermodynamics, Second E d i t i o n ,  
McGraw H i  1 1 ,  New York 1961, p. 203-209.) 
P is  the density o f  pure water,P the  d e n s i t y  o f  a  m mo la l  s o l u t i o n  and 
0 
W t h e  molecu la r  we igh t  o f  t he  so l u te .  
Between 1M and 7M KOH we found t h a t  t he  p a r t i a l  mo la l  volume i s  
accu ra te l y  represen ted  by:  
Dev ia t i ons  a t  1M and a t  7M KOH a r e  l ess  than 1%, and t h i s  equa t ion  
represen ts  t h e  data app rec i ab l y  b e t t e r  than w i t h i n  1% f o r  m o l a l i t i e s  
between 1M and 7M KOH. 
Dur ing  the  e l e c t r o m i g r a t i o n  exper iments a  c o n c e n t r a t i o n  d i f f e r e n c e  
i s  b u i l d i n g  up between t he  two s o l u t i o n s  bounding t he  membrane. Thus back- 
d i f f u s i o n  o f  KOH may occur ,  which has t he  e f f e c t  t o  lower the  measured 
+ 
t r a n s p o r t  number o f  K  . O f  course t h i s  b a c k - d i f f u s i o n  e f f e c t  i s  
small when o n l y  smal l  c o n c e n t r a t i o n  d i f fe rences  a r e  a l lowed t o  b u i l d  up. 
S u p p o s e  t+ i s  t o  be determined w i t h  an e r r o r  n o t  exceeding 2% ( t h i s  means 
a 2% e r r o r  i n  the  de te rm ina t i on  o f  Bn ) The accuracy of  t he  OH- con- 
s , t  
s e n t r a t i o n  de te rm ina t i on  i s  as good as f 0.1% and a t  the  end o f  t he  ex- 
per iment the  concen t ra t i on  d i f f e r e n c e  between t he  s o l u t i o n s  does no t  
h a v e  t o  exceed 10% o f  t he  o r i g i n a l  s o l u t i o n  concen t ra t ion .  
1 1 The b a c k - d i f f u s i o n  e f f e c t  w i l l  be n e g l i g i b l e  when Ks.  A -  (7 + F). A t  
i s  much sma l le r  than u n i t y ,  independent o f  t h e  c u r r e n t  dens i t y  used. Th i s  
requi rement  i s  norma l l y  met i n  a l l  ou r  exper iments.  Even when 
1 1 K . A (F + F) . A t  i s  as l a r g e  as 0.1, (i .e. f o r  exper imenta l  t imes 
S 
longer than 10 hours) ,  u s i n g  t he  K  ob ta i ned  from KOH d i f f u s i o n  exper iments,  
S 
rhe e r r o r  i n  t+ caused by b a c k - d i f f u s i o n  i s  o n l y  about 5%. I n  a l l  ou r  
exper iments the e r r o r  caused by b a c k - d i f f u s i o n  was never l a r g e r  than  2%, 
i,e, the  approximate e r r o r  due t o  t h e  a n a l y t i c a l  de te rmina t ions .  
I ! .  Resu l ts  and D iscuss ion  
8. ! l i .  1 D i f f u s i o n  o f  KOH 
I n  a  t y p i c a l  d i f f u s i o n  exper iment  us i ng  t h e  119GX membrane between 
s o l u t i o n s  o f  5.157 and 1.031 m o l e / l i t e r  KOH,the f o l l o w i n g  r e s u l t s  were 
3  ob ta ined .  Concent ra t ions,  c, a r e  i n  m o l e s / l i t e r .  A t  = 14.4 x  10 sec, 4 h r  
exposed membrane area, A =  0.73 cm 2  
Compartment c o n t a i n i n q  concen t ra ted  s o l u t i o n  ( I )  
C' = 5.157 f 0.005 V I  = 
0 
49.87 k 0.05 m l  + n '  = 257.2 f 0.5 mmole 
5 9 0  s  2 0  
-1- 
C' = 4.639 f 0.008 + V; = 50.03 + 0.15 rnl + n '  = 232.1 f 0.3 mmole" 
S , t  s , t  
6V; = + 0.16 * 0.20 m l  Bn'  = - 25.1 f 0.8 mmole 
s , t  
-** 
se he arrows mean t h a t  V '  was determined from C '  
t and n '  pq. ( ~ 1 ) 1  s , t  s, t 
Compartment c o n t a i n i n q  d i l u t e  s o l u t i o n  ( I I 
,c I I = 1.031 t 0.001 V t l  = 49.87 * 0.05 ml 3 n" = 51.42 f. 0.10 mmole 
S , Q  0 s,o 
C" = 1.559 + 0.002 * V11=49.53  k 0.12 ml  -+ nl' = 77.21 t 0.12 m o l e  
5 ,  t t s , t  
6Vy = - 0.34 k 0.17 m l  6n" = f 25.8 + 0.2 mmole 
s, t 
It is  seen t h a t  the mass balance r e q u i r e d  f o r  the KOH t r a n s p o r t  
(€in: = - 6n") was s a t i s f i e d  w i t h i n  exper imenta l  e r r o r .  The agreement f o r  
S 
t he  volume f low,  a l though w i t h i n  exper imenta l  e r r o r ,  i s  no t  good enough 
ro a l l o w  any th ing  more than an o rde r  o f  magnitude c a l c u l a t i o n  o f  K 
w' 
I f  we use the  average o f  6n1  and 6ny, n  = 25.5 k 0.4 mmole and assume 
s s  
the l i m i t  of  e r r o r  i n  the  es t ima te  o f  the membrane area, A, t o  be 2%, we f i n c  
For K we f i n d  the  approximate va lue:  
w 
-6 4 - 1 - 1 K w =  (7 2 3 )  x 10 cm mole sec 
Accurate measurements o f  K would r e q u i r e  a  volume-measurement technique 
W 
raeher than the c a l c u l a t i o n  o f  the f i n a l  volume from the sample concen- 
t r a t i o n  and t o t a l  amount o f  KOH, used here. I t  should be noted t h a t  the  
mass  t r a n s f e r  c o e f f i c i e n t s  K and K a r e  dependent on the  concent ra t ion .  
S W 
The dependence i s  b e l i e v e d  t o  be s u f f i c i e n t l y  smal l  t o  be n e g l i g i b l e  i n  
p r a c t i c a l  b a t t e r y  separator  work. Eva lua t i on  o f  t h i s  concen t ra t i on  de- 
pendence would r e q u i r e  a  l a rge  number o f  d i f f u s i o n  measurements us ing  
smal l  concen t ra t i on  g rad ien ts .  The values measured by us may be cons idered 
average va lues i n  the  concen t ra t i on  r e g i o n  1M - 5M KOH. 
I t  i s  o f  i n t e r e s t  t o  compare the  mass t r a n s f e r  c o e f f i c i e n t  o f  KOH 
through the 1 1 9 G X  membrane w i t h  the  va lue  c a l c u l a t e d  f o r  the  case o f  
f r e e  d i f f u s i o n  through a  s o l u t i o n  l aye r  o f  t h e  same th ickness.  Un fo r t u -  
n a t e l y  no d i f f u s i o n  data f o r  KOH cou ld  be found i n  a  l i m i t e d  l i t e r a t u r e  
search. However, the v a r i a t i o n  i n  the  d i f f u s i o n  c o e f f i c i e n t s  o f  the 
potassium h a l i d e s  i n  aqueous s o l u t i o n s  o f  2-5 m o l e s / l i t e r  i s  known t o  be 
less than 25% (R. A. Robinson, R. H. Stokes, E l e c t r o l y t e  So lu t ions ,  
Bu t te rwor ths ,  London 1959, p. 515) va ry i ng  s l i g h t l y  between 2  and 2.5 x  10 -5 
2 - 1 
crn sec . I f  we assume a  KOH d i f f u s i o n  c o e f f i c i e n t  i n  3M s o l u t i o n  o f  
2  - 1 2.5 x cm sec , the corresponding mass t r ans fe r  c o e f f i c i e n t  through 
-5 - 1 
a s o l u t i o n  layer  o f  th ickness  d  would be 2.5 x  10 /d cm sec . We have 
no exact  data f o r  t he  th ickness  o f  the swol len 119GX membrane, b u t  d  i s  
- 2  -2 probably less  than 10 cm. I f  we assume d  = 10 cm, Ks ( s o l u t i o n )  would 
-8- 
- 1 be 2 - 5  x l o m 3  cm sec , o r  about 4 t imes t he  va lue  found by us f o r  the 
1136X membrane. ( l n  t h i s  c a l c u l a t i o n  t he  i n f l u e n c e  o f  the  u n s t i r r e d  d i f f u s i o n  
l a y e r  nex t  t o  the membrane i s  ignored. I f  the  increased res i s tance  o f  t h i s  
d i f f u s i o n  l aye r  were taken i n t o  account, the r e s u l t i n g  r a t i o  between 
the membrane t r a n s f e r  c o e f f i c i e n t  and the  s o l u t i o n  t r a n s f e r  c o e f f i c i e n t  
would be less  than 4. We do no t  b e l i e v e  t h a t  the  d i f f u s i o n - l a y e r  e f f e c t  
i s  l a rge  i n  the concent ra ted  s o l u t i o n s  examined here, however.) 
3. 5 1 1.2 E l e c t r i c a l  Transference Experiments 
Four e l e c t r i c a l  t rans fe rence  exper iments were made t o  determine t he  
t r a n s p o r t  number o f  the  p o s i t i v e  i o n  and the  water t r a n s p o r t  number when 
-8- 
"This es t ima te  was made because p r i m a r i l y  the less  mob i l e  i o n  ( i n  t h i s  case 
probably  K+) determines the  magnitude o f  t he  d i f f u s i o n  c o e f f i c i e n t .  
a n  e l e c t r i c  c u r r e n t  i s  passed through the  119GX membrane bounded by ap- 
p rox imate ly  5M KOH so lu t i ons .  The r e s u l t s  f o r  t+ from the four  exper i- 
r ients were i n  very  reasonable agreement. The accuracy i n  tw i s  less,  b u t  
the dev ia t i ons  between t he  l a s t  t h r e e  exper iments a r e  w i t h i n  the  expected 
: i r n i t s  o f  e r r o r .  i n  t he  f i r s t  e x p l o r a t o r y  exper iment no r e l i a b l e  r e s u l t  
fo r  the volume f l o w  was obta ined.  The exper imenta l  data f o r  a  t y p i c a l  
e l e c t r o m i g r a t i o n  exper iment a r e  g i ven  below. Concentrat  ions a re  g i ven  i n  
moles per 1 i t e r  o f  s o l u t i o n .  
4 S t  = 2.10 x 10 sec A = 0.73 + 0.01 cm 2 I = 150.6 1 0 . 1  ma 
Anode compartment ( I )  
- 
C ' =  5.157 t 0.005 V A  = 50.00 t 0.05 m l  + n '  = 257.8 f 0.5 mmole 
s,o s  ,o 
C 1  = 5.003 + 0.010 + V; = 49.10 f 0.15 m l  +- n 1  = 245.7 f 0.3 mmole 
s , t  s , t  
6V; = - 0.90 f 0.20 m l  6n '  = - 12.1 u . 8  mmole 
s , t  
C S '  = 5.157 2 0.005 VII = 
0 
50.00 t 0.05 m l  -3 n" = 257.8 f 0.5 mmole 
5 3 0  s  7 0  
C" = 5.355 * 0.010 + V y  = 50.50 * 0.15 ml + nll = 270.4 + 0.3 mmole 
s ,  "c s7 t 
8Vy = + 0.50 ic 0.20 m l  6n" = + 12.6 t 0.8 mmole 
s , t  
The agreement between 6n1  and 6n" i s  w e l l  w i t h i n  the  l i m i t s  o f  e r r o r .  
From the  average va lue  we o b t a i n  f o r  t h e  t r a n s p o r t  number o f  the  potassium 
3 on : 
U s i n g  Equat ions (814) and(815) t o  c a l c u l a t e  t h e  water t r a n s p o r t  number lw, 
 hie f i n d :  
- = +  1.7 t 0 . 3  f rom 6V':  tw 
from 6V": tw - = + 1.5 t 0.6 
The agreement between these va lues i s  a l s o  w e l l  w i t h i n  the maximum l i m i t s  
o f  e r r o r .  I t  should be noted t h a t  the  agreement between the two water 
t r anspo r t  numbers i s  b e t t e r  than the agreement between 8 V '  and 6Vt', because 
of the d i f f e r e n t  volume c o r r e c t i o n  f o r  the  electrode r e a c t i o n  i n  the two 
compartments. 
- 
I n  the  t h ree  o the r  exper iments the f o l  lowing va 1 ues f o r  t+ were 
ob ta ined  (a1 1 va lues a r e  c a l c u l a t e d  from the  averages of the data f o r  the 
anode and f o r  the  cathode compartment): 0.39 f 0.07 ( f i r s t  e x p l o r a t o r y  
+ 
The average va lue  o f  the  K t r a n s p o r t  number i n  the  119GX membrane 
bounded by a 5M KOH s o l u t i o n ,  c a l c u l a t e d  from these four  experiments, 
i s :  iK+ = 0.38 t 0.02. From l i m i t i n g  equ i va len t  conductances the  t r ans -  
+ 
port number o f  K i n  d i l u t e  aqueous s o l u t i o n s  i s  found t o  be 0.27. I n  
+ 
more concentrated s o l u t i o n s  we would expect  the  t r a n s p o r t  number o f  K t o  
be s l  i g h t l y  lower. Since t + was found t o  be s i g n i f i c a n t l y  h igher  than K 
the l a t t e r  va lue,  the  119GX membrane has a p r e f e r e n t i a l  s e l e c t i v i t y  f o r  
-4- 
K ions over  OH- ions when i n  con tac t  w i t h  concentrated KOH so lu t i ons ,  
a l though n o t  a very  pronounced one. 
I n  a t o t a l  o f  t h r e e  exper iments,  we found f o r  the  water t r a n s p o r t  
number E : + 1.8 f 0.3, + 1.6 + 0.3 ( t h e  exper iment descr ibed above) and 
W 
+ 1.7 1 0 . 2 .  The p o s i t i v e  s i g n  means the n e t  water t r a n s p o r t  i s  i n  the  
+ 
d i r e c t i o n  o f  t he  p o s i t i v e  cu r ren t ,  i .e. w i t h  the K  ions (Note t h a t  t he  k i o  
have a  lower t r a n s p o r t  number than OH-). The average of  these t h ree  va lues 
- 
s = + 1.7 i 0.2, i s  probably  f a i r l y  w e l l  es tab l i shed .  More accura te  
w 
es t imates  f o r  Iw cou ld  be ob ta i ned  i f  volume changes were recorded r a t h e r  
than  c a l c u l a t i n g  the f i n a l  volume from the  sample concen t ra t i on  and t he  
t o t a l  amount o f  KOH present ,  b u t  t he  gas e v o l u t i o n  a t  the  e l ec t rodes  
would present  some se r i ous  problems i n  t he  measurement o f  volume changes. 
B. I I I . 3  D i f f u s i o n  of  So lub le  Z inc  Species 
The d i f f u s i o n  of  ZnO d i sso l ved  i n  approx imate ly  5M KOH s o l u t i o n  
through a  JPL 1 1 9 G X  membrane was measured by t a k i n g  samples from the 
t w o  compartments a t  r e g u l a r  t ime i n t e r v a l s  and de te rmin ing  the Zn concen- 
t r a t i o n .  The way i n  which K ( ~ n )  can be c a l c u l a t e d  from these data was pre-  
S 
sented i n  paragraph B.1 1.3. I n  the  a c t u a l  exper iment, one compartment ( ' )  
h a s  f i l l e d  w i t h  50.00 ml o f  a  (4.970 f 0.005) M KOH + (0.1009 f 0.0001) M 
ZnO s o l u t i o n ;  the  o t h e r  compartment ('I) was f i l l e d  w i t h  50.00 m l  o f  a  
5.157 f 0.005 M KOH s o l u t i o n .  F i v e  2.000 f 0.002 m l  samples were taken 
a t  r egu la r  i n t e r v a l s  and t he  Zn concent ra t ions  determined. The t o t a l  
exper iment l a s t e d  approx imate ly  51 hours. The f i n a l  Zn concent ra t ions  
were 0,0841 k 0.0001 M a t  the  h i g h  concen t ra t i on  s i d e  and 0.0164 f 0.0001 M 
a t  t h e  low concen t ra t i on  side. The f i n a l  OH- concen t ra t ions  i n  t he  two 
compartments were equal E .059  2 0.005( I )  and 5.057 + 0.005 M(") respec- 
t i v e l a , i n d i c a t i n g  t h a t  the  KOH d i f f u s i o n  i s  much f a s t e r  than the  d i f f u s i o n  
o f  the Zn species.  The Zn mass balance was v e r i f i e d  w i t h i n  2 0.1%: 
6nZA - - 0.757 m o l e ,  6nZ: = + 0.758 mmole. These f i g u r e s  were ob ta i ned  
by adding the number o f  mmoles of  Zn i n  t he  samples t o  the  t o t a l  amount 
o f  Zn present  i n  the f i n a l  s o l u t i o n .  For the  KOH t r a n s p o r t  the f i g u r e s  
F i g u r e  B1 .  D i f f u s i o n  o f  Zn across JPL 1 1 9 G X  membrane: logar i thm o f  the 
concent ra t ion  d i f f e rence  vs. time, 6 t ,  cor rec ted  f o r  volume changes o f  
the ce l l  so lu t ion .  
were:  6n ' = 8.8 mmole, 0  H 6n0; = - 6.1 mmole. Th i s  agreement i s  a l s o  
s a t i s f a c t o r y ,  t a k i n g  i n t o  account t h a t  approx imate ly  250 mmoles KOH a r e  
present i n  each compartment. 
A graph showing 1 n X Z n y o  1 1 
- l nXzn , t  vs. t he  sum of + yll) f o r  
t h e  d i f f e r e n t  t ime i n t e r v a l s  i s  shown i n  F igu re  B1. t i s  the  t o t a l  t ime 
elapsed, i .e.  the  sum o f  the  t imes 6 t  i n  between two sample po in t s .  The 
1 1 
t e r m  ( + ) i s  necessary t o  c o r r e c t  f o r  t he  decrease i n  s o l u t i o n  V 
volume each t ime a  s o l u t i o n  sample i s  taken. 6 t  i s  the seconds e lapsed betwec 
t w o  sampling t imes and V '  and V" the  volumes du r i ng  t h a t  t ime i n t e r -  
1 
va1. The summation i s  over  at*(--; + k) dur ing  the  f i v e  i n t e r v a l s .  From v v 
the s lope of F igu re  B1,  we o b t a i n  t he  mass t r a n s f e r  c o e f f i c i e n t  o f  the 
d i sso l ved  Zn species us ing  the r e l a t i o n :  
The r e s u l t  i s :  
KS ( ~ n )  = (6.7 i 0.2) x l om5  cm sec - 1 
Th is  mass t r a n s f e r  c o e f f i c i e n t  i s  ten  t imes smal ler  than the  co- 
e f f i c i e n t  ob ta i ned  f o r  KOH d i f f us i on .  No data f o r  the d i f f u s i o n  o f  Zn 
species i n  f r e e  KOH s o l u t i o n s  a r e  a v a i l a b l e .  These data would be o f  i n t e r -  
e s t  t o  determine whether t he  membrane p lays  an a c t i v e  r o l e  i n  p reven t ing  
t h e  P n  species t o  d i f f u s e  from one e l e c t r o d e  compartment t o  the  o the r ,  
l e ,  i f  the  membrane has t r a n s p o r t  s p e c i f i c i t y  f o r  KOH compared t o  the  Zn 
species. 
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